N

N

Self-Assembly of Mitochondria-Specific Peptide
Amphiphiles Amplifying the Lung Cancer Cell Death
through Targeting the VDAC1-Hexokinase-II Complex
Dan Liu, Angelina Angelova, Jianwen Liu, Vasil M Garamus, Borislav

Angelov, Xinlei Zhang, Yawen Li, Guillaume Feger, Na Li, Aihua Zou

» To cite this version:

Dan Liu, Angelina Angelova, Jianwen Liu, Vasil M Garamus, Borislav Angelov, et al.. Self-Assembly of
Mitochondria-Specific Peptide Amphiphiles Amplifying the Lung Cancer Cell Death through Targeting
the VDAC1-Hexokinase-IT Complex. Journal of materials chemistry B, 2019, 7 (30), pp.4706-4716.
10.1039/c9tb00629j . hal-02381244

HAL Id: hal-02381244
https://hal.science/hal-02381244
Submitted on 26 Nov 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02381244
https://hal.archives-ouvertes.fr

Self-Assembly of Mitochondria-Specific Peptide
Amphiphiles Amplifying the Lung Cancer Cell Death through

Dan Liu,® Angelina Angelova,” Jianwen Liu," Vasil M. Garamus,® Borislav Angelov,® Xinlei Zhang,’

Mitochondria-targeting peptides represent an emergent approach for cancer inhibition. Here supramolecular assemblies
of novel amphiphilic cell-penetrating peptides for targeting cancer cells mitochondria are reported. The employed strategy
aims at amplifying the apoptotic stimuli by weakening the mitochondrial VDAC1 (voltage-dependent anion channel-1)—
hexokinase-Il (HK-I1) interaction. Peptide engineering is performed with the N-terminus of the HK-Il protein, which binds to
VDAC1. First, a designed positively-charged segment (pKV) is anchored to the specific 15 aminoacid sequence
(MIASHLLAYFFTELN) to yield a cell-penetrating peptide (pHK-pKV). Second, a lipid chain (Pal) is conjugated to the N-
terminus of pHK-pKV in order to enhance the intracellular delivery of the HK-II scaffold. The self-assembly properties of
these two synthetic peptides are investigated by synchrotron small-angle X-ray scattering (BioSAXS) and cryogenic
transmission electron (cryo-TEM) imaging, which evidence the formation of nanoassemblies of ellipsoid-like shapes.
Circular dichroism (CD) spectroscopy demonstrates the induction of partial a-helical structures in the amphiphilic peptides.
Confocal microscopy reveals the specific mitochondrial location of Pal-pHK-pKV assemblies in human non-small cell lung
cancer (NSCLC) A549 cells. The cytotoxicity and apoptotic studies indicate the enhanced bioactivity of Pal-pHK-pKV self-
assembled reservoirs, which cause massive A549 cell death with regard to pHK-pKV. Whereas the half maximum inhibitory
concentration (ICso) of the Pal-pHK-pKV peptide conjugates is 6.5 uM in the A549 cancer cell line, it is higher than 50 uM
for healthy human mucosal epithelial cells such as the non-cancerous NCM460 cells. The results demonstrate the potential
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of self-assembled lipo-peptide (HK-II-derived) conjugates as a promising strategy in cancer therapy.
Introduction

Cancer cell mitochondria are recognized as important targets
for inhibition of the cancer progression in anti-cancer
therapies.l’3 They currently underlie new drug developments,
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which will complement the existing therapies for cancer cells
killing and cancer elimination.*™ The mitochondrial-targeting
anti-cancer mechanisms include the activation of
mitochondria-mediated apoptotic pathways via voltage-
dependent-anion-channel (VDAC) targeting agents or electron
transport/respiratory chain blockers,®™ the increased
induction of reactive oxygen species (ROS),™" the inhibition

of the Bcl-2 anti-apoptotic family of proteins,18 the activation
of the mitochondrial membrane permeability transition pore
protein subunits,’**° the mtDNA targeting in cancer cells,™
and treatments involving mitochondrial destabilization,
mitochondrial membrane permeabilization,21 mitochondrial
fission and massive mitochondrial fragmentation using
lipophilic cations targeting the inner membrane.?* %

Hexokinase-Il (HK-Il) is increasingly regarded as an
attractive therapeutic target for cancer therapy based on its
key role in glycolysis as a part of the cell energy
metabolism.’>*° The mitochondrial metabolism of cancer cells
is deregulated, the glucose metabolism being enhanced and
the mitochondrial oxidative phosphorylation reduced. HK-II is
the enzyme that catalyses the phosphorylation of glucose,
which is the rate-limiting first step of glycolysis (i.e. glucose
degradation).”'32 The expression levels of the HK-II protein in
aggressive cancer cells are considerably higher than those in
normal cells.® Owing to the fact that mitochondria-bound HK-
Il is less responsive to inhibition by its glucose-6-phosphate
product, the mitochondrial binding of HK-Il conserves a higher
rate of glycolysis in cancer cells.®* At the same time, the
overexpression of mitochondria-bound HK-II prevents cancer
cells from death by retaining the integrity of the mitochondria
and inhibiting the release of cytochrome c¥ Consequently,
recent studies have suggested that HK-lIl can be a valuable
therapeutic target for cancer treatment due to its
overexpression in cancer cells and its involvement in the



metabolic reprogramming.ag_40 Different strategies have been

envisioned for HK-Il targeting towards triggering of
mitochondria-specific killing of cancer cells. Silencing of the
HK-II transcript has been shown to induce apoptosis in cancer
cells.”’

Importantly, the hexokinase isoform HK-Il binds the
voltage-dependent anion channel 1 (VDAC1), which is located
at the outer mitochondrial membrane (OMM).*! VDAC1 is a
multi-functional membrane protein channel providing the
exchange of ions and metabolites between the mitochondria

Table 1. Peptide sequences and their basic characteristics.

and the cytosol.42 VDAC1 interacts with anti-apoptotic proteins
and plays a key role in the mitochondria-mediated apoptosis.
The association of the proteins VDAC1 and HK-Il promotes the
inhibition of apoptosis.43 Therefore, either the hampering of
the HK-II binding to the OMM or the dissociation of the
VDAC1-hexokinase HK-1l complex should enable the activation
of the cancer cell apoptosis.‘m'45 This emergent approach is
expected to contribute for overcoming the drug resistance
problem in anti-cancer treatments.

Peptide Amino Acid Sequence Molecular Weight Net Charge
pHK MIASHLLAYFFTELN 1770.0 -1
pHK-AMC : MIASHLLAYFFTELN-AMC 1927.2 -1
pHK-pKV MIASHLLAYFFTELN-KVLKQRAKKK 2979.9 +5
pHK-pKV-AMC MIASHLLAYFFTELNKVLKQRAKKK-AMC 3135.2 +4
Pal-pHK-pKV Pal-MIASHLLAYFFTELN-KVLKQRAKKK 3217.2 +5
Pal-pHK-pKV-AMC Pal-MIASHLLAYFFTELN-KVLKQRAKKK-AMC 3373.75 +4

=
AMC: 7-amino-4-methylcoumarin fluorescent label

The present work aims at further advancing the strategy
targeting the mitochondrial VDAC1-hexokinase HK-II
interaction by studying bioactive amphiphilic peptide
assemblies, which can reach the OMM and trigger the
dissociation of the VDAC1-HK-Il complex towards cancer cell
apoptosis. The activity of the designed novel peptide
amphiphiles for induction of specific mitochondria-mediated
apoptosis was examined with the human non-small cell lung
cancer (NSCLC) cell line (A549). A non-cancerous healthy
human epithelial cell line NCM460 (normal human colon
mucosa cells) was used as a control. We exploited the fact that
the 15 aminoacid peptide sequence (pHK) from the N-terminal
of the HK-Il protein (MIASHLLAYFFTELN) could dissociate the
endogenous HK-Il from the mitochondria and thus disrupt the
VDAC1-hexokinase Il interactions.” However, the peptide
fragment pHK appears to be impermeable to the cells and this
hampers its application in anti-cancer therapies.%"m’46 Here,
the problem of pHK peptide delivery inside the cancer cells will
be solved through the generation of self-assembled
nanocarriers with an enhanced capacity for internalization into
the studied cells.

Self-assembling peptides designed
synthesized for a number of biomedical applications such as
drug delivery, cell culture models of diseases,
biotechnology, biomaterials,
engineering and regeneration, etc.r”™* Peptide self-assembly
into organized supramolecular architectures helps improving
the stability and the bioavailability of the peptide therapeutics.
Certain physico-chemical parameters strongly affect the self-
assembling capacities of the peptide macromolecules including
the number and the location of the hydrophobic amino acids
and the presence of charged residues that are influenced by
the pH and the composition of the aqueous medium.>>™’ Lipo-
peptides containing a sequence of positively-charged
aminoacid residues and an anchored fatty acid tail tend to self-
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nano-

nanostructured tissue

assemble into a variety of nanostructures such as nanotubes,
nanorods, nanofibrils, nanotapes, nanospheres, etc.”®®?
Modifying the amino-acid sequence and extending the
hydrogen bonding, hydrophobic, electrostatic,
interactions, and van der Waals interactions can affect the
shapes of the formed nano-assemblies,®*® their tendency to
form three-dimensional networks, and their interactions with
the biological membranes.®®®” Studies have indicated that the
self-assembly state (monomer, dimer, oligomer...) and the
nanoarchitecture type may influence the biological outcome of
the peptide amphiphiles in in vitro and in vivo applications.ﬁs’69
Moreover, nanoscale delivery systems can be used for efficient
protection, transport and delivery of the biomimetic scaffolds
and drugs across the biomembrane barriers.”””® SAXS analysis
and cryo-TEM imaging are powerful and indispensable

methods for the structural characterization of the self-
79-85
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assembled nanostructures and nanocarriers.

The purpose of the present work is to investigate the self-
assembly behaviour of novel amphiphilic peptides (pHK-pKV
and Pal-pHK-pKV) and the cancer cell mitochondria-specific
targeting by the nano-assemblies derived from the N-terminus
of the HK-II protein (pHK) (Table 1). Structural analysis of the
supramolecular peptide assemblies is performed by
synchrotron BioSAXS, cryo-TEM circular dichroism
spectroscopy experiments. The biological activity of the new
peptide nano-assemblies is evaluated in vitro with the NSCLC
cancer cell model (human A549 cell line) and compared to that
in non-tumour cells. The advantage of the peptide amphiphile
concept is that it combines (i) a drug delivery strategy for
enhancement of the cellular permeability and uptake of pHK
through its anchoring to a positively charged cell penetrating
peptide pKV (KVLKQRAKKK),®® and (ii) the amplification of the
cancer cell apoptotic process by nano-assemblies based on
mitochondria-specific targeting and disruption of the HK-II-
VDAC1 contact at the OMM.

and



Results and discussion

Self-assembly properties of novel mitochondria-specific peptide
amphiphiles

We performed structural investigations of the self-assembled
nanostructures formation of the amphiphilic peptide
derivatives pHK-pKV and Pal-pHK-pKV (Fig. 1). The starting
point of the rationale of their design is the objective for
targeting of the voltage-dependent-anion-channel (VDAC1)-
hexokinase-lIl complex at the OMM of cancer cells, where
these proteins are overexpressed. The native sequence (pHK)
of the N-terminal region of HK-II served as a template for the
peptide synthesis (Table 1). In the lack of carrier systems, the
capacity of the negatively charged pHK for internalization into
cells is negligibly small. The pHK-pKV derivative (Fig.1) was
constructed by adding of a short, positively charged peptide
pKV at the C-terminus of pHK. The rationale of designing the
cell-penetrating peptide (pKV) was considered in a separate
work.® The purpose here is to create peptide assemblies with
enhanced cytotoxicity to cancer cells.
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Fig. 1 Scheme of the building of amphiphilic cell-penetrating peptides
pHK-pKV and Pal-pHK-pKV starting from the pHK sequence.

Second, Pal-pHK-pKV (Fig. 1) was synthesized by
modifying the pHK-pKV sequence with a hydrophobic palmitic
acid moiety at the N-terminus. Fig. 1 shows that Pal-pHK-pKV
contains distinct regions comprised by the hydrophobic tail
and the positively charged amino acid residues. It also should
be noted that the methionine N-terminal end of the pHK-pKV
peptide contains a hydrophobic side chain.

We hypothesize that the hydrophobic tail of Pal-pHK-pKV
can be beneficial for the peptide self-assembly process into
When the Pal-pHK-pKV molecules are
introduced into a PBS aqueous medium, the hydrophobic

nanostructures.

portions of the peptide will tend to aggregate in order to
minimize their surface area in contact with water, leaving the
hydrophilic groups exposed to the aqueous environment. This
is the suggested rationale of the Pal-pHK-pKV propensity for
self-assembly. Meanwhile, the spatial separation of the
charged residues from the hydrophobic ones creates an
asymmetry of the Pal-pHK-pKV molecule (peptide amphiphile),
which is typical for amphiphilc compounds forming self-

assembled nanostructures. It has been emphasized that
amphiphilic peptides behave like amphiphilic surfactants.®>®
Therefore, hydrophobic interactions and electrostatic
repulsions are the major driving forces for the Pal-pHK-PKV
conjugates self-assembling in solution.
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Fig. 2 Cryo-TEM images of the self-assembled nanoarchitectures
formed by the peptides at different concentrations; a) 0.3 mM pHK-
pKV; b) 0.3 mM Pal-pHK-pKV; c) 0.9 mM pHK-pKV; d) 0.9 mM Pal-pHK-
pKV; e) 1.5 mM pHK-pKV; f) 1.5 mM Pal- pHK-pKV.

The self-assembly of pHK-pKV and Pal-pHK-pKV molecules
into nanoscale objects was investigated by cryo-TEM imaging
at different concentrations (Fig. 2). The image contrast is
relatively low due to the lack of electron-rich atoms in the
peptide molecules. The small assemblies look as dots in the
cryo-TEM images. Aggregates with an average length of 15 nm
are detected for the peptide pHK-pKV at 0.9 mM
concentration (Fig. 2c). The images clearly show the formation
of supramolecular assemblies at increasing concentrations.
The aggregation into visible nanoscale objects begins at 0.3
mM peptide concentration (Fig. 2a and 2b). At 1.5 mM, Pal-
pHK-pKV forms elipsoid-like assemblies (Fig. 2d and 2f).

The self-assembly behaviour of the pHK-pKV and Pal-pHK-
pKV derivatives was further investigated by synchrotron
BioSAXS as a function of the solution concentration (Fig. 3).
Both peptide compounds show scattering in the concentration
range 0.3-3.0 mM (Fig. 3a and 3b). Nanostructures are
evidenced on the 10-800 A length scale (1/Qmax-270/0min)- Fig.3
demonstrates that both peptide derivatives easily assemble
into self-assembled structures. The supramolecular assemblies
are formed above a critical concentration for peptide
aggregation of about 0.3 mM.

The shapes of the BioSAXS curves are similar in the
concentration range 0.3-3.0 mM (a whole g-range for Pal-pHK-
pKV and a large g-range interval for pHK-pKV). This indicates



that the aggregated structures negligibly change with the
variation of the concentration under these experimental
conditions and it should be possible to compare with in vitro
experiments performed under further dilution.

The absence of a plateau of scattering intensity at the
lowest g-range suggests that there are also structures of larger
sizes than the observation window of the performed SAXS
measurements, i.e. the scattering from the whole objects is
outside the measured scattering vector. The slope a of the
scattering intensities (I(q)~q™®) plot at the lowest g-range is
below 1. This implies that long cylindrical structures are not
formed by the self-assembled Pal-pHK-pKV peptide
amphiphile. Therefore, we performed fitting of the
experimental scattering intensities by a model scattering from
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a population of ellipsoids of rotation with semi axes a, b, b
taking into account excluded volume interactions among the
aggregates and polydispersity of size in a. SAXS data of pHK-
pKV samples with concentrations 0.3 and 0.9 mM were fitted
only for the interval of large g (Fig. 3a). Details of the analysis
are presented in the Supporting Information. Scattering data
were satisfactory described and the fitting parameters pointed
that the value of semi-axis b increases approximately 2 times
by modification of pHK-pKV with a Pal chain. The
polydispersity index of axis a increases by dilution of the
peptides and the aggregates formed by pHK-pKV are mostly
prolate. In parallel, the aggregates of Pal-pHK-pKV are mostly
oblate in shape (Table S1).
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Fig. 3 SAXS patterns of aqueous solutions of (a) pHK-pKV and (b) Pal-pHK-pKV at varying concentrations; (c) Fitting of the BioSAXS curves (line)
confirming the presence of elipsoid-like assemblies and showing 3D molecular presentation (left), and derived outer shapes (grayscale) of pHK-

pKV at 0.3 mM and 3.0 mM. (d) The CD spectra

Fig.3c presents the performed fitting of the whole
scattering curves of the peptide pHK-pKV at the minimal (0.3
mM) and at the maximal (3.0 mM) solution concentrations.
The shape of the monomeric peptide is shown by a molecular
model. pHK-pKV has an extended state dimension of 34 A. The

fitting of the scattering curve at 3.0 mM yielded a dimension of

of 0.3 mM pHK,

pHK-pKV and Pal-pHK-pKV in aqueous solutions.
the self-assembled pHK-pKV aggregate of 85 A and a gyration
radius R; of 22 A. The outer shapes of the formed peptide
assemblies were determined by the DAMMIN method.”” The
dilution of the pHK-pKV peptide (3.0 mM), containing compact
ellipsoid-like assemblies, down to a concentration 0.3 mM

resulted in more elongated aggregates with a gyration radius



Rg of 47 A. Based on the cryo-TEM results (Fig. 2), it can be
suggested that the adopted ellipsoid-like shapes of the self-
assembled nano-aggregates may result from the packing of
small polydispersed spherical units into bigger objects.

The high Pal-pHK-pKV concentration (above 3.0 mM) was
associated with a significant change in the shape of the
scattering curve (Fig. S7). It points to the existence of
significant interactions among the formed self-assembled
aggregates. This is evidenced by the normalized SAXS plots.
The BioSAXS curves acquired at decreasing concentrations of
the peptide amphiphiles Pal-pHK-pKV (Fig. S7) indicated that
the self-assembled nanostructures do not straight dissociate
into monomeric peptides upon dilution. The dilution of the
Pal-pHK-pKV  peptide assemblies causes only partial
dissociation of the nano-objects, which demonstrates their
sustained-release properties. It can be concluded that the
assembly into supramolecular aggregates increases the
peptide stability in the excess aqueous buffer phase. This
feature is important for the therapeutic application of Pal-pHK-
pKV assemblies.

Table 2. A correlation between the a-helicity of the peptides and their
anti-cancer activity, where the half maximal inhibitory concentration
(ICso) values are determined from cytotoxicity studies. The helicity
percentages are calculated from the CD spectra.

Peptide 61522 Helicity 1Cso
[deg cm? dmol™] [%] [uM]
pHK -731.4 12.8 >50
pHK-pKV -4708.4 20.1 21.5+0.3
Pal-pHK-pKV -15280.5 53.9 6.510.1
The secondary structures of the peptides were

investigated by circular dichroism (CD) spectroscopy (Fig. 3d).
The CD spectra of pHK-pKV and Pal-pHK-pKV show double
negative peaks at wavelengths 208 nm and 222 nm, which are
characteristic of a-helical structures. The quantitative
percentages of the peptide conformations were determined by
the CDNN deconvolution program. The acquired results
indicated that the helicity of pHK is only 12.8%, whereas the
helicity for pHK-pKV and Pal-pHK-pKV ranges from 20.1% to
53.9%, corresponding to a 1.6 to 4.2-fold increase (Table 2).
The significant difference in the helical content suggests that
the coupling of a fatty acid tail to the peptide sequence is a
strategy, which can stabilize the a-helical conformation. The a-
helical configuration has a higher propensity for interaction
and insertion into lipid membranes, respectively for
overcoming the membrane barriers.

The IC5y values of the peptides,
cytotoxicity assays with A549 cancer cells (see the section
below), are compared in Table 2. They reveal that the Pal-pHK-
pKV exhibits a considerably enhanced activity for A549 cells
growth inhibition as compared to pHK-pKV, and this correlates
with the increased helical content in the peptide
conformation. For comparison, the ICsy value of the non-
modified pHK is higher than 50 uM. These results imply that
the higher peptide helicity, the higher anti-cancer activity of
the HK-II derivatives.

determined from

Cytotoxicity and apoptosis assays of peptide amphiphiles

The cytotoxic effects of the designed peptides were
determined in human lung cancer cells A549 and human
normal colonic epithelial cell Lline NCM460 by MTT assays. The
concentration dependence of the cell survival upon different
treatments (pHK, pHK-pKV, or Pal-pHK-pKV) was evaluated by
a two-way ANOVA.

Treatment of A549 cancer cells by pHK resulted in a
negligible change of the cellular viability. At highest pHK
concentration (50 uM), over 90% of the cells were viable after
24 h incubation (Fig. 4a). This confirmed that that pHK does
not have a capacity to permeate the cell membrane and reach
the subcellular site of action at the OMM. In contrast,
treatment of the A549 cells by pHK-pKV showed a noticeable
effect on the cancer cell viability (Fig. 4a). This demonstrated
that coupling of pKV to pHK enhanced the cell penetrating
capacity of the peptides in the cancer cells. Treatment with
Pal-pHK-pKV also resulted in a more pronounced dose-
dependent decrease of the cancer cell viability. Compared with
pHK and pHK-pKV, Pal-pHK-pKV was significantly more
cytotoxic to the cancer A549 cells in the entire concentration
range (Fig. 4a). The half maximal inhibitory concentration (I1Csg)
values of pHK-pKV and Pal-pHK-pKV for A549 cancer cells after
24 h were determined to be 21.5 + 0.3 uM and 6.5 £ 0.1 uM,
respectively. Thus, the Pal-pHK-pKV conjugate has a
significantly stronger anti-proliferative activity against the
human lung cancer cells. This is due to the amphiphilic nature
of the cell-penetrating peptide (constituted of hydrophobic
and hydrophilic building blocks), which favours stronger
interactions of the peptide conjugate with the cell membranes.
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Fig. 4 Investigation of cell viability via MTT assay. a) cancer A549 cells
or b) non-cancer NCM460 cells were treated with various
concentrations of pHK, pHK-pKV and Pal-pHK-pKV peptides for 24 h.
Untreated cells were measured as a control. *P < 0.05 compared to
pHK; *p < 0.05 compared to pHK-pKV. Data were presented as mean *
S.E. (n=3).

pHK and pHK-pKV were non-cytotoxic to non-cancerous
cells. Treatment by pHK or pHK-pKV resulted in a very slight
decrease in the viablity of the non-cancerous NCM460 cells.
The conjugate Pal-pHK-pKV was cytotoxic to NCM460 cells only
at higher concentrations (25 uM and 50 uM). Figure 4 shows
that the ability of Pal-pHK-pKV in deterring cancerous A549
cells growth is significantly more profound in comparison to its
effect on the non-cancerous NCM460 cells. This can be
explained by the fact that its target protein is overexpressed in
the OMM of the cancer cells.
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Fig. 5 Flow cytometry (FACS analysis) of annexin V/PI staining of A549
cells that were treated with 12.5 uM pHK, pHK-pKV, and Pal- pHK-pKV
for 4 h. The bottom left quadrant (annexin V/PI') represents live cells;
bottom right (annexin V*/PI), early apoptotic cells; top right (annexin
V*/PI"), late apoptotic cells; and top left (annexin V/PI"), necrotic cells.
b) A summary of the incidence of early apoptosis, late apoptosis and
total apoptosis in A549 cells that were treated with pHK, pHK-pKV, and
Pal-pHK-pKV determined from FACS analysis of annexin V/PI staining.
Untreated cells were measured as a control. *P < 0.05 compared to
pHK; *p < 0.05 compared to pHK-pKV. Data were presented as mean +
S.E. (n=3).

The ability of pHK-pKV and Pal-pHK-pKV in inducing
apoptosis/necrosis was examined by a flow cytometry assay
using Annexin V/PI (propidium iodide) dual staining (Fig. 5).
The A549 cells were treated with 12.5 pM formulations of
pHK, pHK-pKV, Pal-pHK-pKV for 4 h. Untreated cells were
measured as a control. The treatment with pHK resulted in a
major fraction of viable cells and a very small number of cells
undergoing early and late apoptosis (4.74% and 5.98%,
respectively). In contrast, the exposure to pHK-pKV and Pal-
pHK-pKV increased the population of late apoptotic cells to
7.73% and 42%, respectively. These results demonstrated that
the cancer cell death induced by pHK-pKV and Pal-pHK-pKV
occurs primarily via the apoptosis pathway. The Pal-pHK-pKV
assemblies proved to be significantly more efficient in the
induction of the apoptosis process, which is followed by cancer
cell killing (necrosis) (Fig. 5b).

Therefore, the amphiphilic Pal-pHK-pKV construct has a
capacity to amplify the cancer cell death via mitochondria-



mediated apoptosis. This implies that it has a higher
propensity for inducing the dissociation of the hexokinase-II
from the outer mitochondrial membrane protein VDACL. This
leads to a massive A549 lung cancer cells death and offers new
opportunities for development of mitochondria-targeting
peptide amphiphiles with augmented cell-membrane transport
properties.

It can be suggested that the Pal-pHK-pKV assemblies
appear to act as reservoirs for sustained release of VDAC1-HK-
Il targeting agents. These effects hold the weakening of the
VDAC1-HK-II interaction and enhance the dissociation of HK-II
from VDAC1, which triggers the mitochondria-mediated
apoptosis.

Intracellular localization of the peptide amphiphiles to the
mitochondria

The intracellular distribution of the peptide scaffolds upon
uptake by A549 cells was determined by confocal fluorescence
microscopy imaging (Fig. 6). To visualize the location of the
peptide assemblies, the C-termini of the pHK, pHK-pKV, and
Pal-pHK-pKV were labelled by the 7-amino-4-methylcoumarin
(AMC) dye, which shows a blue fluorescence signal upon
excitation by a laser. The A549 cells were incubated with 25
UM formulations of the pHK-AMC, pHK-pKV-AMC and Pal-pHK-
pKV-AMC derivatives (Table 1) for 30 minutes at 37°C. The

mitochondria was stained using a MitoTracker® Red dye as an
intracellular organelle marker.

Compared with pHK-pKV-AMC and Pal-pHK-pKV-AMC, the
A549 cells treated with the pHK-AMC peptide alone did not
show well-detectable fluorescence signal in the intracellular
space (Fig. 6a). This is due to the negligibly small cellular
uptake of pHK. In contrast, the cellular uptake considerably
increased for the pHK-pKV-AMC (Fig. 6b) and Pal-pHK-pKV-
AMC (Fig. 6¢) peptide amphiphiles. The cancer cells incubated
with these derivatives displayed intensive blue fluorescence
signals in the intracellular space, which is in agreement with
the flow cytometry results. The comparison of the distribution
of the blue fluorescence patterns of the AMC-labelled peptide
assemblies and the red fluorescence of the mitochondria-
targeting dye in cells treated by pHK-pKV-AMC and Pal-pHK-
pKV-AMC gave an evidence for the co-localization with the
mitochondria organelles.

The confocal microscopy confirmed the
mitochondria-mediated mechanism of apoptotic action of the
investigated peptide assemblies. Evidently, the observed
enhanced intracellular uptake and the efficient mitochondrial
targeting are related to the structural features of the novel
peptide amphiphiles.

imaging
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Fig. 6 Confocal fluorescence images of A549 cells incubated with 25 uM pHK-AMC, pHK-pKV-AMC and Pal-pHK-pKV-AMC for 30
minutes. The blue fluorescence indicates the uptake of the AMC-labelled peptides. The mitochondria were stained with
MitoTracker Red organelle marker (100 nM). The superimposed (merged) images in rows (b) and (c) reveal the co-localization of

the HK-lI-derived peptides to the mitochondria.

Conclusions

We found that the mitochondria-specific synthetic peptide
amphiphiles pHK-pKV and Pal-pHK-pKV, derived by engineering
of the 15 aminoacid terminal fragment of the hexokinase-Il
protein, self-assemble into supramolecular assemblies. The
self-assembly properties arise from the spatial separation of
the hydrophobic (N-terminal) and the charged residue (C-
terminal) building blocks of the molecules. The novel peptide

amphiphiles display partial a-helix structures. Notably, Pal-
pHK-pKV is characterized by a higher helicity, which suggests a
superior affinity for interaction with lipid membranes. The
packing of the peptide monomers into oligomeric assemblies
yields ellipsoid-like aggregates with nanometric dimensions.
The resulting supramolecular peptide assemblies have a
considerably higher cytotoxicity to A549 cancer cells as
compared to the native pHK sequence. Both synthetic peptide
amphiphiles, pHK-pKV and Pal-pHK-pKV are able to locate to
mitochondria and trigger mitochondria-mediated A549 cancer



cells apoptosis. The obtained results indicate that the self-
assembled Pal-pHK-pKV conjugates have an enhanced
bioactivity in terms of cell cancer cytotoxicity, degree of
cellular uptake, and mitochondrial localization. Therefore, the
created self-assembled nanoreservoirs of the peptide Pal-pHK-
pKV show a potential for development of a promising anti-
cancer therapeutic strategy. Their in vivo drug targeting
selectivity should result from the fact that the expression
levels of the HK-Il target are at least 100-fold greater in the
cancer cells as compared to the healthy cells.

Experimental Section

Materials and Reagents

Rink-amide resin, protected amino acids, piperidine , N,N-
Diisopropylethylamine (DIEA), 2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 1-
hydroxybenzotriazole (HOBt) , and 7-amino-4-methylcoumarin
(AMC) were obtained from GL Biochem Ltd. (Shanghai, China).
Palmitic acid (Pal), Dimethylformamide (DMF),
dichloromethane (DCM), Trifluoroacetic acid (TFA, HPLC
grade), dimethyl sulfoxide (DMSQO), acetonitrile (HPLC grade)
and methanol (HPLC grade) were purchased from Aladdin
Chemical Reagent Co.Ltd. (China). DMEM medium and Fetal
Bovine Serum (FBS) were purchased from GIBCO (Grandland,
USA). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) and 0.25% trypsin-EDTA were purchased from
Sigma Aldrich . Annexin V-FITC apoptosis detection kit and a
MitoTracker® Red were purchased from Boster Biological
Technology Co., Ltd. (China).

Peptide synthesis and purification

All peptides were synthesized via a solid-phase technique
using standard Fmoc chemistry. The conjugation of the
peptides with the fluorescent 7-amino-4-methylcoumarin
(AMC) dye was done after amide coupling. Reverse-phase high
performance liquid chromatography (Agilent 6125B) was
HPLC solvents
consisted of solvent A (0.1% TFA in acetonitrile) and solvent B
(0.1% TFA in water) and a linear gradient from 10% to 90%
solvent B was carried out for 25 minutes. The peptide purities
were subsequently verified by ESI-MS (Thermo LTQ Oritrap XL
equipped with an electrospray ionization source). The results

employed to purify the crude peptides.

showed that they were synthesized correctly and the purity
was > 95% (Fig. S1-S6).

Circular Dichroism (CD) measurements

There are no conflicts to declare. The CD spectra of peptides
were measured on a Jasco J-810 spectrometer (Jasco Co.,
Japan) using a quartz cell of 1 mm path length. The data were
recorded from 190 to 260 nm at a scan rate of 50 nm-min™.
Peptide samples were diluted from the stock solution to the
final concentration (0.3 mM) in PBS (0.01M, pH 7.4). Baseline
spectra of the solvent served as the background. The

measurements were performed three times at room

temperature. The mean residue ellipticity was calculated by
the equation [0] = OxM/ (Ixcxnr), where 6 is the ellipticity
value (millidegrees); | is the path length of the cell
(millimetres); M is the molar mass of the peptide; c is the
peptide concentration (mg-mL’l); and nr is the number of

aminoacid residues. Secondary structure determinations were

done using the CDNN deconvoution program.sg"90

Cryogenic Transmission Electron Microscopy (Cryo-TEM)

For Cryo-TEM, a droplet of the sample was placed onto a
carbon-coated holey polymer film supported by a copper grid,
gently blotted with a filter paper to form a thin liquid film, and
instantly plunged into liquid ethane at —180 °C for vitrification.
The sample grid was then kept at liquid nitrogen temperature
and transferred into a Tecnai G2 F20 transmission electron
microscope (FEI, USA) operated at 200 kV in zero-loss bright-
field mode. Digital images were recorded under low-dose
conditions with an eagle 4k x 4k CCD camera system (FEI, USA).

Small-Angle X-ray Scattering (SAXS)

SAXS experiments were performed at Shanghai Synchrotron
Radiation Facility (Shanghai, China) equipped with a pinhole
camera (Molecular Metrology SAXS System). Peptide solutions
were loaded into cylindrical quartz capillaries (ID 1.0 mm)
mounted in a steel holder. A beam size of 0.40 mmx0.15 mm
at a wavelength of 1.033 A was adjusted to pass through the
centres of the capillaries for every measurement. The
exposure time was 1 s for each sample. Measurements were
performed in a momentum transfer range of 7.08x10-3 A < q
<0.35 A. Collected raw data were analysed using the BioXTAS
RAW software package.

Cell culture

The human lung carcinoma cell line A549 was obtained from
the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured in cell culture dishes containing DMEM medium
supplemented with 10% (v/v) fetal bovine serum and
antibiotics (100 U mL™" penicillin and 100 g mL™" streptomycin)
at 37 °C in a humidified 5% CO, atmosphere. The NCM460 cell
line has been validated as a control model in antitumor
strategies.91 The growth medium for the non-cancerous
NCM460 cells was

Cytotoxicity assay

Cell viability was measured by 3-(4, 5-dimethylthiazol-2-yl) - 2,
5-diphenyltetrazolium bromide (MTT) assay. Briefly, cell
suspensions were adjusted to a concentration of 5x10* cells -
mL™" and then transferred into a 96-well plate, containing
medium (100 pL). The cells were allowed to adhere in
complete medium at 37°Covernight. After removing the
culture medium, the cells were washed with phosphate buffer
saline (PBS). Then, serum-free DMEM medium with different
concentrations of the peptides (e.g. 0, 3.13, 6.25, 12.5, 25, and
50 uM) was added to each well and further incubated at 37°C



for various times. At the end of incubation, MTT solution (5 mg
-mL™, 10 pL) was added to each well and further incubated at
37°C for maximum 4 h. The medium was removed, and the
cells were dissolved in dimethylsulfoxide (DMSO). The
absorbance was measured at 570 nm. The half maximal
inhibitory concentration 1Cs, values were analyzed using
GraphPad Prism (Version 6.0, GraphPad Software).

Flow cytometric analysis of apoptosis and necrosis

For apoptosis/necrosis staining, the A549 cells were seeded in
a 6-well culture plate (SPL Life Sciences Co. Ltd, Korea) at
1x10° cells per well and allowed to grow for 24 h. The cells
were then subjected to different treatments for 4 h. They were
washed twice with cold PBS and collected by centrifugation at
1000 rpm for 5 minutes. According to the instructions of the
supplier, the cells were gently resuspended in binding buffer
(200 pL) and incubated with Annexin V-FITC (5 pL) in dark for
15 minutes and of propidium iodide (10 pL) for another 5
minutes. All cell samples were immediately analyzed by flow
cytometry using a BD FACS Aria Flow Cytometer (BD
Biosciences, USA). The FITC-conjugated Annexin V was excited
using a 488 nm laser and the Pl was excited using a 561 nm
The
wavelengths 530 nm and 575 nm for the FITC-conjugated
Annexin V and PI, respectively.

laser. fluorescence emissions were recorded at

Intracellular imaging and co-localization study

Confocal microscopy imaging was performed in order to
investigate the cellular uptake and the intra-cellular
distribution of the pHK-pKV and Pal-pHK-pKV assemblies.
Briefly, the A549 cells were seeded into a 20 mm glass bottom
dish (In Vitro Scientific, USA) at a density of 4 x 10" cells per
cm? for 24 h followed by incubation with labelled peptides
pHK-pKV-AMC or Pal-pHK-pKV-AMC (25 uM) for 30 min.
Thereafter, the cells were incubated with MitoTracker® Deep
Red FM (100 nM) for 15 minutes in order to stain the
mitochondria before being viewed under the confocal
fluorescence microscope. The fluorescently labelled peptides
and the MitoTracker® Deep Red FM were excited at 405 nm
and 579 nm, respectively. Fluorescence emission was recorded
at 455 nm and 599 nm for the AMC-labelled peptides and
MitoTracker® Deep Red FM, respectively. The imaging was
performed on a Nikon A1R confocal laser scanning microscope
(Nikon, Japan) using a x100 Plan-Apo/1.3 NA oil immersion
objective with differential interference contrast (DIC) capacity.
Image processing was done using Fiji image processing
software (Fiji Imagel, National Institute of Health, Bethesda,
MD, USA).
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